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Available online 11 June 2016One of the major challenges associated with algal biofuels production in a bioreﬁnery-type setting is improving
biomass utilization in its entirety, increasing the process energetic yields and providing economically viable and
scalable co-product concepts. We focus on the impact of compositional characteristics of biomass on the suscep-
tibility to pretreatment in order to maximize the valorization of algal biomass conversion for biofuels and
bioproducts. The release ofmonomeric carbohydrates in the aqueous phase and extractability of the lipid fraction
was measured based a response surface methodology to ﬁnd signiﬁcant explanatory variables and interaction
terms.We studied the effect of harvest timing on the conversion yields, using three algal strains; Chlorella vulgaris
and Scenedesmus acutus andNannochloropsis granulata representing three different nutritional metabolic phases.
Four cultivation conditions of high (≥90 gallon gasoline equivalent/ton biomass) value for a combined sugar- and
lipid-based biofuels process were identiﬁed. These four conditions represent either mid or late stage harvest cul-
tivation regimes. The results indicate that acid pretreatment has potential to be applicable for a vast range of bio-
mass samples to obtain high energy yields, but that the exact conditions and optima are dependent on the strain
and likely the starting composition of the biomass.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
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Process economics1. Introduction
Reducing the production costs for algal biofuels is an important goal
for the algae industry. Increases in algal productivity and biofuel yield
from the current state of technology, demonstrated at a non-
integrated process development unit scale, are required to reduce pro-
duction costs to prices competitivewith petroleum-based fuels [1]. A re-
duction in costs can be achieved by more complete utilization and
valorization of all cellular components rather than relying solely on
the lipid fraction, e.g. the combined carbohydrate- and lipid-based bio-
fuel process developed recently [2,3]. Previous algal biofuels economical
models have focused on solvent extraction of the algal lipids for biofuel
production relegating the remaining extracted biomass to anaerobic di-
gestion to provide both heat and electricity [4]. These models suffered
from excessive energy inputs required for mechanically disrupting
algal biomass to increase the accessibility of the solvent for lipid extrac-
tion [5,6]. High-pressure homogenization (HPH), enzymatic, micro-
wave, ultrasound pretreatment can be compared in terms of total
energy recovery and energy consumption. A nice overview of different
methods for cell disruption is discussed recently, comparing operationals).
. This is an open access article underenergy requirements for different cell rupture applications and tools
used [5]. HPH has been applied to rupture cell wall for biomass fraction-
ation. Recent results based on HPH shows that this process usually re-
quire large energy input from 46 MJ/kg [7]to 407 MJ/kg [8] to rupture
biomass. Martin et al., [9] recently reported that 0.8–458.7 MJ/kg of en-
ergy could be required, but thiswas dependent on species, biomass con-
centration and oil content. However, this large range of energy
consumption implies a huge uncertainty. It was claimed that HPH
would be energy-efﬁcient, provided an alga with a weak cell wall was
used. However, the sensitivity of HPH to algal species might limit its ap-
plication in industrial biofuel production. Ultrasound has also been pro-
posed as alternative method to rupture cell wall for oil extraction.
However, these methods are usually energy intensive. Based on the pa-
rameters obtained from the literature, 360–848 MJ/kg energy was re-
quired to rupture algal biomass [10,11]. Bead milling has been widely
used in bio-industry for cell wall disruption, to assist with product re-
covery. However, Doucha et al. concluded that this method is not likely
to be economical for biofuel production, due to the huge energy input
(10.2–36.1 MJ/kg) [6]. Enzymatic hydrolysis is advantageous in mild
condition to prevent compounds from degrading. Although enzymatic
hydrolysis is usually performed at mild conditions, the energy con-
sumption can be high due to the low algal biomass concentration, e.g.
the energy for heating for enzymatic hydrolysis ranges from 5.2–
10.4 MJ/kg [12,13,14]. In addition, enzymatic hydrolysis takes a muchthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
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The energy input for the acid pretreatment process presented here is
lower compared with the listed cell disruption methods listed above;
2.5 MJ/kg.
Thermochemical routes, such as hydrothermal liquefaction (HTL),
are potential alternative routes to bio-oil production [15–17]. HTL uti-
lizes wet algal biomass, accessing the carbon fromprotein, lipid and car-
bohydrate fractions, processing these materials into an aqueous and
organic phase, with the latter becoming a feedstock for hydrotreating
to a renewable diesel blendstock (RDB). The high protein content in
algal biomass can cause secondary reactions increasing partitioning of
the algal nitrogen and phosphorus into the organic biocrude phase,
whichmay translate to potentially higher costs to reﬁne the bio-oil ma-
terial into ﬁnished fuels or blendstocks [16]. Ultimately, both the lipid
extraction and the HTL pathway are dependent on low cost biomass
and cannot become economical as standalone processes with biomass
production costs above $1000/ton [16,18].
The fractionation process as described here represents an alternative
pathway for the selective removal of biomass components and their
subsequent conversion into high value fuels and chemicals, an approach
more amenable to a bioreﬁnery setting. Previously,we have successfully
demonstrated an acid-based fractionation process for algal biomass
both from an experimental feasibility and an economic point of view
[2,18]. The results of the process indicated the release of monomeric
sugars for fermentation, primarily glucose and mannose, while algal
lipids were recovered from the solid fraction using hexane extraction
leaving behind an enriched protein stream. The initial results from the
integrated testing demonstrated a rapid release of lipid from algal bio-
mass after pretreatment, an 80% ethanol process yield from fermenta-
tion of hydrolyzed algal carbohydrates [2,3]. No inhibition during
fermentationwas observed at these conditions, suggesting that released
algal carbohydrates are suitable for other fermentation processes/prod-
ucts beyond ethanol. Converting the remaining amino acids into mixed
alcohols like isobutanol can also be an alternative route to biofuels for
residual protein compared to anaerobic digestion and animal feed [19]
The potential beneﬁt from this process allowed for the separation of
algal carbohydrate, lipid, and protein components and upgrading
those components into well-understood and valorized commodity
products (ethanol, renewable diesel, and isobutanol). The techno-
economic analysis of the process design indicated an at least 33% cost
savings on the ﬁnal fuel production compared with a lipids-only pro-
cess, when applied to a Scenedesmus acutus biomass, cultivated in a
manner to contain biomass of ~30% lipids and N40% carbohydrates [18].
There are challenges with the implementation of a general, opti-
mized pretreatment/extraction process due to strain-speciﬁc interac-
tions [2]. Previous observations that the Chlorella vulgaris and S. acutus
biomass exhibited very different extractability data led us to believe
that there are interactions between acid and temperature (and thus se-
verity of the pretreatment conditions) impacting the secondary struc-
tural characteristics of the biomass. For example, we hypothesized
that Maillard reactions occurred between the sugars and the protein
fraction present or alternatively, it is possible that the lipids in the bio-
mass become encapsulated in the carbohydrate secondary struc-
ture.[20] Due to these interactions, it appeared that for each species,
the respective growth condition (and biomass composition) would im-
pact the process yields and thus a study of the speciﬁc interactions was
needed to understand the magnitude of these effects. The objective of
thework reported here is to investigate the role of biomass composition
plays in deﬁning the response to pretreatment, based on the release of
carbohydrates and extractability of the oils, with the aim of tailoring fu-
ture conversion processes based on biomass compositional inputs. We
used a response surface approach to rationally design the experiments,
allowing us to interpret the trends in the carbohydrate and oil release
response as susceptibility of the biomass and draw comparative conclu-
sions between strains and growth conditions. The responsewas investi-
gated for three strains, as common production-relevant organisms;Chlorella vulgaris and Scenedesmus acutus and Nannochloropsis
granulata, harvested at three time points representing biomass and
compositional variability.2. Materials and methods
2.1. Source of biomass
Chlorella vulgaris, Nannochloropsis granulata, and Scenedesmus
acutus, harvested at different growth stages (early, middle and late)
were supplied by Arizona StateUniversity (ASU,Mesa, AZ). The biomass
was grown in indoor and outdoor photobioreactors (as described in de-
tail before [21]). The composition of the biomass used for the pretreat-
ment experiments is summarized in Table 1.2.2. Compositional analysis
2.2.1. Dry weight analysis
Wet biomass (3 g) was transferred to a pre-weighed 50 mL centri-
fuge tube. The biomass was lyophilized to obtain a volumetric biomass
dry weight and was subsequently used for compositional analysis. The
biomass was diluted with DI water to make up to 15% (w/v) working
stock solutions for all pretreatment experiments.2.2.2. Lipids as total fatty acid methyl ester analysis (FAME)
To study lipid extractability in response to pretreatment, we mea-
sured the fatty acid content (via FAME analysis) in the hexane-
extractable lipid fraction for each of the points included in the design.
Similarly, the carbohydrate content was measured in the aqueous
phase of the pretreated slurry. Lipids were measured in triplicate as
fatty acid methyl esters in both biomass and oils, through an in situ
FAME preparation method [22]. In brief, 4–7 mg of lyophilized
microalgae biomass or extracted oil was added to a pre-weighted GC
vial. An internal standard tridecanoic acid methyl ester, chloroform/
methanol (2:1) andHClmethanol solution (5% v/v)was added the solu-
tion was heated at 85 °C for 1 h, extracted with 1 mL of hexane and an-
alyzed by GC-FIDwith a DB-WAX column (Agilent, USA), 30m0.25mm
ID and 0.25 μm FT, temperature program 100 °C for 1 min, then
25 °C min−1 to 200 °C, hold for 1 min, then 5 °C to 250 °C and hold for
7 min, at a 1 mL/min He constant ﬂow. The individual FAME concentra-
tionswas quantiﬁed using Chemstation B.04.02 (Agilent, USA), and nor-
malized against the internal standard tridecanoic methyl ester [22].2.2.3. Carbohydrate analysis
Whole biomass carbohydrate content was determined as described
previously in duplicate for each of the samples [23]. In brief; lyophilized
biomass (25mg) and 250 μL of 72% (w/w) sulfuric acid were added into
a 10mLglass vial. Theﬁrst step hydrolysiswas performed in 30 °Cwater
bath for 1 h. Then, 7 mL of 18.2 MΩ water was added to the tube. The
vial was sealed and autoclaved for 1 h at 121 °C. The vial was allowed
to cool down to room temperature and an aliquot of sample was neu-
tralized to pH 6–8 using calcium carbonate. The neutralized sample
was ﬁltered through a 0.2-μm nylon membrane ﬁlter for HPLC analysis,
using a Shodex SP8010 column and RID detector. The columnwas kept
at 85 °C and the detector was set at 55 °C, at a ﬂow rate of 0.6 mL/min
with water as mobile phase. Injection volume is 50 μL and the run
time is 42min. The carbohydrate compositionwas testedwith a calibra-
tion range of 0.05 g/L to 6 g/L for cellobiose, glucose, xylose, galactose,
arabinose, fructose, and mannose. For each of the solubilized ‘liquor’
samples generated after acid pretreatment of the biomass, the carbohy-
drate content was analyzed by HPLC and the total concentration of glu-
cose, xylose, galactose, arabinose, fructose, and mannose was reported
and expressed on the basis of the whole biomass carbohydrate content.
Table 1
Compositional analysis of microalgae biomass (expressed as % dry cell weight, DCW), each data point is the average of triplicate (FAME Lipids) or duplicate (carbohydrate) analyses ±
standard deviation where applicable.
Microalgae species Growth stage FAME lipids Ash Carbohydrate Protein
N. granulata Early 12.28 ± 0.16 14.2 8.92 ± 0.13 32.7
Mid 25.59 ± 0.2 13.6 11.12 ± 0.48 23.1
Late 57.33 ± 0.09 5.1 10.89 ± 0.11 9.4
S. acutus Early 9.15 ± 0.04 4.5 16.88 ± 0.21 46.3
Mid 17.03 ± 0.10 1.8 49.70 ± 2.60 17.4
Late 38.55 ± 0.38 2.2 39.42 ± 0.08 7.8
C. vulgaris Early 12.07 ± 0.09 6.7 11.12 ± 0.12 43.2
Mid 15.02 ± 0.16 4.4 35.69 ± 0.01 24.0
Late 23.14 ± 0.19 5.3 38.00 ± 0.36 15.2
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The nitrogen content of the samples is determined by combustion
using a LECO TruSpec CHN module. The resulting values, measured as
singlet analyses for each sample, are reported as weight percent of the
sample. Protein concentrationwas calculated from the nitrogen content
with a conversion factor of 4.78 [24].
2.2.5. Ash analysis
Ash analysis was carried out as described before and as a single rep-
licate for each of the samples [25]. In brief, crucibles were
preconditioned in the 575 °C mufﬂe furnace overnight to remove any
combustible contaminants. Once the crucibles came to room tempera-
ture, their weights were recorded. In each crucible 100 ± 5 mg of
freeze-dried algae was added and the weight of each sample was re-
corded. Samples were then placed in a 40 °C vacuum oven overnight
and the oven dry weight of the sample was recorded, after which the
samples were placed in the ramping 575 °C oven overnight.
2.3. Small-scale pretreatment
DI water, sulfuric acid and biomass slurry (15%, w/v) were sequen-
tially fed into a 10 mLmicrowave vial. After 30 min acid soaking at am-
bient temperature, each vial was heated to pretreatment temperature
and held for 10 min. After pretreatment, the biomass was allowed to
cool down to ambient temperature overnight. Pretreated biomass slurry
was homogenized by vortexing and 0.1 mL of the slurry was taken for
microscopy. An aliquot of slurry sample (1.9 mL) was taken out and ﬁl-
tered through 0.22 μm membrane. The ﬁltered solution was used for
carbohydrate analysis by HPLC. Equal volume of hexane (3 mL) was
added to the remaining biomass slurry for 1 h extraction on amulti stir-
rer plate (Velp, Bohemia,NY, US)with 30 smixing every 15min. The ex-
tractionmixturewas centrifuged in a bucket rotor at 2000×g for 10min
to assist phase separation. The upper hexane phase was carefully trans-
ferred by pasteur pipette to a pre-weighed glass tube. The hexane was
evaporated at 40 °C in a TurboVap Concentration Workstation (Caliper
Life Sciences, East Lyme, CT) and dry weight of oil was obtained. The
oil was re-dissolved in 3 mL of hexane and 4–7 mg of oil sample was
transferred to a pre-weighed GC vial. The hexane was evaporated in a
40 °C vacuum oven and oil was methylated to FAME as described in
Section 2.2.2 for GC analysis.
2.4. Statistical experimental design and analysis
Response surface methodology (RSM) was used to test the response
of biomass to acid pretreatment conditions regarding oil and sugar re-
covery. To explore strain-speciﬁc interaction and susceptibility to frac-
tionation, we utilized a Central Composite Design (CCD), which lends
itself well to statistical response surface exploration using a second
order polynomial ﬁt. Design and analysis was carried out in R version
3.1.1 [26]. The response of lipid extractability and sugar release foreach of the conditions will indicate susceptibility of the biomass to
acid hydrolysis and highlights how sharp the maxima are for sugar re-
lease and whether these conditions coincide with a lipid extraction
and thus correspond to a maximum for fractionation completeness.
For both responses, the recovery was calculated relative to the whole
biomass carbohydrate (sum of glucose, mannose, xylose, arabinose
and galactose) and lipid content measured as fatty acid methyl esters.
The blocked design consists of one ‘cube’ block (temperature from
125 °C to 165 °C and acid concentration between 0.5% and 3.5%
H2SO4), with triplicated center points and a ‘star’ block, with points at
each axis in the extreme positions (temperatures of 117 °C and 173 °C
and acid concentration of 0% and 4.1%H2SO4). The time of pretreatment
was kept consistent at 10min. The experimental conditions explored in
this CCDwere based around previous work [27], where the center point
of 145 °Cwith 2% sulfuric acid was used as the base case and is included
here as the replicated center point. An additional condition of 195 °C at
1% sulfuric acidwas included to test the susceptibility to very harsh pre-
treatment conditions (but was excluded frommodel building) (Supple-
mental Table 1). For the analysis of the data, a hypothesis of adequate
linear ﬁt of the data to the response surface model was set at p b 0.05
for the predicted versus measured values. For the analysis of the data,
a hypothesis of statistically signiﬁcant linear ﬁt of the data to the re-
sponse surface model was set at p b 0.05 (with Lack-of-Fit, LoF, as
p N 0.05 for each of the models) for the predicted versus measured
value. Signiﬁcant LoF means variation of the replicates about their
mean values is less than the variation of the design points about their
predicted values.
3. Results and discussion
3.1. Compositional analysis
The data in Table 1 illustrate that the composition of different
microalgae species varies signiﬁcantly, and even for the same species,
the composition is growth-stage and environment dependent. As ex-
pected, with longer cultivation time under nutrient deplete conditions,
lipid content increased, while protein content decreased. The carbohy-
drate content in N. granulata and S. acutus increased from early to mid-
dle growth stage, while decreased from middle to late stage. For
C. vulgaris, carbohydrate content increased with the nutrient depletion
time. Overall, the compositional data is similarwith our previouslymea-
sured data [21,28], even though the ﬁnal lipid content for the C. vulgaris
and S. acutus biomass is lower than before, which can be attributed to a
winter-time cultivation for these strains, reducing overall compositional
rearrangement.
The compositional analysis datawas used to calculate the theoretical
fuel yield for each of the biomass samples selected (Table 2) [2,18]. Of
particular interest is the total fuel displacement volume, expressed as
a gasoline gallon equivalent (GGE). This theoretical calculation was de-
scribed in detail previously and is based on a conversion of carbohydrate
and lipid into fuels. For four biomass sources, a theoretical yield of over
Table 2
Theoretical fuel yield calculated and extrapolated from algal biomass composition. *51% glucose-to-ethanol conversion (theoretical), **65.8% ethanol-to-gasoline conversion, ***78%
FAME-to-hydrocarbon conversion (theoretical).
S. acutus C. vulgaris N. granulata
Early Mid Late Early Mid Late Early Mid Late
Total carbohydrates (% DW) 16.9 49.7 39.4 11.1 35.7 38.0 8.9 11.1 10.9
Glucose/mannose (% DW) 14.1 47.8 38.1 4.6 28.8 32.6 6.0 8.8 8.9
Ethanol (% DW)⁎ 7.2 24.4 19.4 2.3 14.7 16.6 3.1 4.5 4.5
Ethanol (gallon/ton) 21.8 74.0 59.0 7.1 44.6 50.5 9.3 13.6 13.8
Gasoline equivalent (gal/ton)⁎⁎ 14.4 48.7 38.8 4.7 29.4 33.2 6.1 9.0 9.1
Btu equivalent (×10e3) 1668 5656 4508 544 3408 3857 710 1041 1053
Fatty acids (FAME) (% DW) 9.1 17.0 38.6 12.1 15.0 23.1 12.3 25.6 57.3
Hydrocarbon (% DW)⁎⁎⁎ 7.1 13.2 30.0 9.4 11.7 18.0 9.6 19.9 44.6
Diesel equivalent (gal/ton) 22.0 41.1 93.2 29.2 36.2 55.8 29.7 61.8 138.4
Btu equivalent (×10e3) 2701 5046 11,457 3591 4452 6856 3651 7598 17,007
Total fuel energy (×10e3 Btu/ton) 4369 10,702 15,965 4136 7860 10,714 4361 8639 18,060
Total gasoline gallon equivalent (GGE/ton) 37.6 92.2 137.5 35.6 67.7 92.3 37.6 74.4 155.6
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S. acutus, late C. vulgaris, and late N. granulata.
3.2. Response surface analysis of pretreatment
Thework presented here explores in detail the temperature and acid
interaction, with the aim of elucidating strain-speciﬁc interference and
guide process optimization work to increase the yields and conversion
efﬁciency of this whole biomass fractionation approach. To evaluate
the effect of biomass composition on the conversion behavior, we in-
cluded all 9 samples (Table 2) in the experimental design study of
interactions.
For the exploration of strain-speciﬁc interaction and susceptibility to
fractionation, we utilized a central composite experimental design,
which lends itself well to response surface exploration, speciﬁcally
based on a second-order response. As for all statistical models, the ﬁt
is only an approximation of the real response. For our purpose it was
sufﬁcient to ﬁnd signiﬁcant explanatory variables and interactions be-
tween the variables. The data in Figs. 1 and 2 show a pattern in the re-
sponse surface model that indicates a strain-speciﬁc susceptibility of
both lipid extractability and carbohydrate solubilization to pretreat-
ment conditions, with broad maxima observed around the higher acid
concentration combined with higher temperature. The responses ap-
pear to be consistent between themid and late-stage harvest andwithin
each of the species, with a distinct behavior for the early harvest bio-
mass samples, in particular with respect to lipid extractability. The
early harvest biomass pretreatment response gives a much different
picture and indicates a much lesser susceptibility to pretreatment,
such that harsher conditions might be needed to achieve the lipid and
carbohydrate release yields comparable with the mid and late harvest
points. A combination of factors including the more complex and het-
erogeneous nature of the lipid fraction in addition to a mixed biomass
composition interferes with solvent mass transfer. In particular the
use of a non-polar solvent such as hexane will have more difﬁculty mi-
grating through the polar biomass constituents (higher concentration of
polar lipids and proteins in the early harvest samples for all species) that
are present in the residue after pretreatment that the efﬁciency of ex-
traction will not be as great as for the later harvested biomass. Alterna-
tively, because of the need for more destructive nature of harsher
conditions and much lower yields, scalable processing of these early
harvest biomass materials would likely not be pursued.
There appear to be combined effects fromboth acid and temperature
on the extractability of the fatty acids and all three strains have distinct
patterns. For all strain and cultivation conditions, the higher tempera-
ture and acid tend to correlate with higher extractability of lipids.
When considering the individual and interaction components, only
the effect of acid concentration was statistically signiﬁcant (p b 0.05,
i.e. a higher coefﬁcient for the contribution of acid relative to tempera-
ture to the measured response of lipid extractability) for the mid andlate harvests of N. granulata and S. acutus. We found that both acid
and temperature had a statistically signiﬁcant effect on the lipid extract-
ability for C. vulgaris. From the surface plots shown in Fig. 1, the optimal
conditions for C. vulgaris appear to span a smaller range of conditions,
relative to a more broad optimum seen for N. granulata and S. acutus.
This observation may be linked to the cell wall of C. vulgaris having a
much more recalcitrant structure (especially in the late-harvest condi-
tions) compared to the other strains that we have investigated. In addi-
tion, a recent paper provided support for this by describing the
susceptibility of the Chlorella sp. cell walls to enzymatic degradation
[29]. Because of this structural recalcitrance to acid hydrolysis of the
cell wall, we hypothesize that the lipid extractability reduces due to in-
complete degradation of the cells and thus only for a small subset of
combinations of acid and temperature is the pretreatment harsh
enough to release the lipids. According to the response model describ-
ing the effects of temperature and acid concentration on lipid recovery,
the highest predicted lipid recovery for N. granulatamid and late har-
vest is 87%, for S. acutus mid and late is 101% and for C. vulgaris mid
and late is 94–98%. The low maximum predicted lipid recovery for
N. granulata might be due to several observations, among which the
higher content of phospholipids in the lipid fraction compared with
the low levels of phospholipids in the other strains (data not shown),
which may not lend itself well to extraction with a non-polar solvent
such as hexane. Additional experiments are being carried out to investi-
gate speciﬁcally the nature of extractability of the N. granulata oils and
whether the oil composition, in particular the polarity of the oil constit-
uents may play a role in the extractability parameters.
The models were evaluated based on the quality of the ﬁt of the
model. For each of the response models a full analysis of variance
(ANOVA) was carried out and the output is included as supplemental
information (Supplemental Tables 2a-i and 3a-i). The models that
were used to evaluate the data did not in all cases provide for a statisti-
cally signiﬁcant ﬁt (p b 0.05), however, we ensured that the quality of
the correlation (R2) between the predicted and measured values were
in all cases N0.89. With respect to model quality, in particular models
shown in Fig. 1.C, D and E, showed a signiﬁcant lack of ﬁt, which calls
for caution in the interpretation of the distinct maximum extractability
parameters, but does not interfere with the proposed interpretation of
the conversion properties of the biomass. Additional work is needed
to extend the experimental design beyond the current conditions and
to understand the chemical and species-speciﬁc background underpin-
ning those interactions. With the data presented, the strain-speciﬁc
trends hold between the early, mid and late stages of cultivation. We
can draw conclusions about the biomass susceptibility behavior ob-
served for each of the three strains.We testeddifferent responsemodels
to ﬁt the data, (ﬁrst order, two-way interaction and second order ﬁt), of
which the second order, polynomialﬁt provided the best correlation be-
tween predicted and measured data and were deemed to be most ap-
propriate. The type of modeling approach makes an assumption that
Fig. 1. Response of fatty acid recovery the extractable lipid fraction relative to the whole biomass fatty acid content after hexane extraction of fractionation slurry (Recovery) following a
central composite experimental design of pretreatment conditions, varying temperature (120 °C–170 °C) and sulfuric acid concentration (0–4%). Biomass designation as follows: (A–C)
early, mid and late S. acutus, (D–F) early, mid and late C. vulgaris, (G–I) early, mid and late N. granulata respectively.
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the case for terrestrial biomass. The response models were not devel-
oped to ﬁnd an optimum in conversion after pretreatment or model
the release kinetics in detail, rather we aimed to compare susceptibility
to pretreatment between species andbiochemical composition. This has
been observed before during acid pretreatment of terrestrial biomass
[30].
The data shown in Fig. 2 for carbohydrate release indicate, as for lipid
extractability, distinct maxima of carbohydrate release as well as a
strain-speciﬁc behavior with respect to susceptibility to pretreatment
conditions. The drop-off of carbohydrate recovery at the higher temper-
ature and acid conditions, are consistent with our measurements ofcarbohydrate degradation products (5-HMF concentrations) and the
notion that secondary reactions of protein with sugars in solution (e.g.
Maillard reaction products) may reduce themeasured sugar concentra-
tion in the aqueous phase after pretreatment (data not shown). Even
though, for the carbohydrate release response surface models (except
for the early harvest S. acutus and N. granulata), there is a statistically
signiﬁcant lack of ﬁt (LoF p b 0.05), some of the major effects can be de-
rived and indicate statistically signiﬁcant inﬂuence of acid on carbohy-
drate release for all samples, inﬂuence of both acid and temperature
on early harvestN. granulata (Supplemental Tables 2–3). These patterns
can be attributed to distinct polymeric structural forms of the carbohy-
drate and cellular composition, and additional insight into these
Fig. 2. Response of carbohydrate release in the pretreated slurry aqueous phase, relative to the whole biomass carbohydrate content (Recovery), following a central composite
experimental design of pretreatment conditions, varying temperature (120 °C–170 °C) and sulfuric acid concentration (0–4%). Biomass designation as follows: (A–C) early, mid and
late S. acutus, (D–F) early, mid and late C. vulgaris, (G–I) early, mid and late N. granulata respectively.
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tiveness at lower severity.
The acceptable values of adjusted R2 and precision of the replicated
data suggests that these models could be used to navigate the design
space. For S. acutus (both mid and late harvests), the values at low
acid conditions (165 °C 0.5%, 145 °C 0%) have the largest external
studentized residues. For S. acutus, the values at (145 °C 0%) and
(165 °C 0.5%) were overestimated and underestimated, respectively.
The results imply a much larger increase of sugar yield from 145 °C 0%
acid to 165 °C 0.5% acid compared to predicted values indicating that fu-
ture optimization research should focus on this area because of thedramatic improvement of sugar yield could be achieved by little in-
crease of severity around this area. Acid pretreatment will hydrolyze
carbohydrates to release oligomers and monomer forms of sugars, but
only monomeric sugars were quantiﬁed after the acid pretreatment. It
is possible that the hydrolysis (or release) of carbohydrates is
underestimated at very low severity (low acid concentration) due to
the formation of (non-fermentable) oligomers (estimated to be up to
10–12% of the glucose present in the biomass is found in oligomeric
form), which are not measured in our carbohydrate analytical method.
In contrast, for C. vulgaris, the values obtained at higher severity
(165 °C 3.5% for late harvest and 145 °C 4.12% for mid harvest biomass)
Table 3
Achieved conversion and fractionation yields and combinedmaximumconversion and fractionation conditions for a 4 biomass sample subset and derived fuel yield calculated and extrap-
olated from algal biomass composition.
S. acutus C. vulgaris N. granulata
Mid Late Late Late
Gasoline equivalent (gal/ton)⁎⁎ 34 27 23 8
Btu equivalent (×10e3) 3959 3156 2700 948
Diesel equivalent (gal/ton) 37 84 50 111
Btu equivalent (×10e3) 4541 10,311 6171 13,605
Total fuel energy (×10e3 Btu/ton) 8500 13,467 8871 14,553
Total gasoline gallon equivalent (GGE/ton) 73 116 76 125
75T. Dong et al. / Algal Research 18 (2016) 69–77did not ﬁt models well. It is possible that polynomial models might not
be accurate to cover all the pretreatment conditions, especially at ex-
treme conditions such as very low or high severities (but these would
not likely be operating conditions in a bioreﬁnery). For late harvest
N. granulata, a pattern is found for the residuals versus the ascending
predicted response values, rather than random scattering. Signiﬁcant
LoF means variation of the replicates about their mean values is less
than the variation of the design points about their predicted values. In
our case, the LoF might be a result of good replicates at central point
with small variance but a non-polynomial behavior of the pretreatment
reactions. We are using these models to navigate the design space and
elucidate distinct strain and biomass composition-speciﬁc behavior forFig. 3. Illustration of biomass morphological changes in cellular structure after pretreatment at
(145 °C 2% sulfuric acid). Biomass designation as follows: (A) late N. granulata, (B) late C.
magniﬁcation, with the exception of (D) at 173 °C, which was collected at 400×, to highlight twhich the quality of ﬁt is adequate. Additional insight into thesemodels
can shed light and potentially improve pretreatment effectiveness at
lower severity, in a manner similar to how terrestrial feedstock conver-
sion was evaluated [31,32].
In the context of optimizing the pretreatment and fractionation ef-
fectiveness, coincidentalmaxima of both sugar release and lipid extract-
ability is preferred. However, the data indicates that conditions
responsible for the observed responses and maxima indicate that this
is not the case (Figs. 1 & 2). This leads us to believe that in the optimiza-
tion of a combined pretreatment or fractionation approach, a compro-
mise may have to be made between maximizing the recovery of lipids
and carbohydrates. Because the energy density (and GGE yield) of thethe extreme star point positions of the experimental design as well as for the center point
vulgaris, (C–D) mid and late S. acutus respectively. All images were collected at 100×
he lipid droplet-residue interaction.
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metabolic yield efﬁciency is 51%) and thus the recovery of the lipid
fraction is prioritized. The discrepancy is largest for S. acutus sp.,
where the carbohydrate release at themaximum lipid extraction condi-
tion is approximately 30–40% lower than at themaximum carbohydrate
release point, and vice versa for lipid extraction at the highest carbohy-
drate release point. In the recent design case [1], a cost-saving option is
proposed which takes the whole pretreated biomass into the fermenta-
tion step and shifts lipid extraction to the post-fermentation stillage.
This could allow the pretreatment development to focus on sugar re-
lease with some expectation that the fermentation and distillation will
further improve lipid yields despite sub-optimal pretreatment.
Only for N. granulata do the conditions that generate maximum re-
lease of carbohydrates also coincide with the highest level of extract-
ability of the lipids (range of 2–4% acid and 140–160 °C). A more
distinct maximum was observed for S. acutus and C. vulgaris, indicating
a need for future economical tradeoffs between recovery of higher lipid
or higher carbohydrate recovery in any process scenario. For these two
strains, we have achieved conditions that allow for a combined maxi-
mum of 60–80% carbohydrate recovery while 90–100% lipid recovery
(range of 3–4% acid and 150–165 °C). Using these combined recovery
calculated numbers, we present the achieved conversion and fraction-
ation yields for the 4 downselected biomass samples in Table 3, which
indicates that for two strains/cultivation condition biomass samples,
we achieved over 100 GGE/ton. A close investigation shows that
compromising the carbohydrate recovery to obtain higher lipid extract-
ability appears to be the best approach to increase GGE recovery from
the biomass, as long as the increased concentration of sugar degradation
products does not inhibit downstream fermentation biology of the
sugar solutions.
3.3. Biomass morphology during pretreatment
Themorphological changes in the biomass duringpretreatment (Fig.
3) give a visual illustration of the effect of acid and temperature. For all
strains, the individual cellular structure of the biomass can be distin-
guished at 125 °C pretreatment, while the higher temperature increases
cell coagulation and perhaps supports a theory of increased encapsula-
tion of the oils inside biomass secondary structures. From themicrosco-
py investigation, it is only when acid is added to the system that the
biomass starts to lose the cellular integrity and the coagulation coin-
cides with expelling lipid droplets from the biomass. Even with the ap-
pearance of distinct lipid droplets at higher severity, we found that it is
not possible to recovery the lipid fraction as a separate phase from the
liquor and solids; a solvent-based separation will always be necessary
for oil recovery. The visual behavior is consistent with both the lipid ex-
tractability and carbohydrate release data shown in Figs. 1 and 2. Similar
to our earlier observations, the association of the lipidswith the residual
biomass appears to be stronger for C. vulgaris biomass with less clear
manifestation of the phenomenon of ‘lipid expelling’. This observation
can contribute to the lesser lipid extractability for C. vulgaris observed
in Fig. 1.
4. Conclusions
We present data on a, ﬁrst-of-its-kind study of the theoretical com-
bined biofuel yields and experimental parametric investigation of strain
and growth condition inﬂuence on a combined conversion approach.
The data presented here show distinct patterns of lipid extractability
and carbohydrate release between the three different strains observed
in a response surface approach studying lipid extractability and
carbohydrate release. Using conversion conditions that allow for 90% re-
covery of the available lipids and between 70 and 80% release of carbo-
hydrates, we still achieved an extrapolated yield of N100 GGE/ton for
the late harvest S. acutus and N. granulata strains. We developed an
algal biofuel matrix for three major production-relevant organisms,while obtaining insights into the compositional effects and conversion
effectiveness. These insights may be transferred to additional strains
and biomass samples as a species-agnostic conversion pathway,
where a thorough understanding of biomass composition can guide
the optimization of conversion of biomass and thus maximize the
value obtained from the biomass sources. With the study presented
here, up to 84% of net energy derived from carbohydrates and lipids in
algal biomass could be recovered with the implementation of dilute
acid pretreatment indicating the great potential of this approach in
the integrated bio-reﬁnery platform for multiple products to reduce
the cost of algal biofuel production. This is a ﬁrst of its kind evaluation
of the interplay between algal biomass composition and conversion ki-
netics in an acid-catalyzed pretreatment and fractionation process to
constituent components. This work is unique because of the integration
of conversion/extraction data with algal biomass characteristics and
composition, as well as a quantitative demonstration of a high-
efﬁciency wet extraction process.
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